Anodic aluminium oxide (AAO) templates for multi-walled carbon nanotube (MWCNT) growth were produced by anodization of aluminium followed by pulse-reverse electrodeposition of cobalt inside the AAO pores. Cobalt functioned as the catalyst for H 2 /C 2 H 2 chemical vapour deposition (CVD) growth of fairly well graphitized MWCNTs initiating inside the majority of the AAO pores and quickly growing beyond the pore confines. A technique is introduced for the production of AAO templates that fill evenly during pulsed electrodeposition. The electrodeposition produced an active metallic catalyst in the pore bottoms, with minimal over-filling. This process also eliminates the reduction step necessary when alternating current (AC) electrodeposition is used for filling AAO pores.
Introduction
The work presented here involves the production and use of anodic aluminium oxide (AAO, Al 2 O 3 ) templates for growth of aligned MWCNT arrays. Aluminium anodizing was used to create these nanoporous templates, and pulsed electrodeposition was employed to deposit cobalt nanowires inside the AAO pores. The cobalt functioned as the catalyst during the CVD growth of fairly well graphitized MWCNTs initiating inside the majority of the AAO pores and quickly growing beyond the pore confines. This type of growth is to be distinguished from the AAO-templated disordered carbon tubules obtained when the predominating catalyst is the AAO pore walls, rather than a transition metal [1] particle. The aluminium anodizing process is tunable with regards to both pore diameter and pore length, depending on the anodizing voltage and time, respectively. This allows the production of tailored AAO templates, leading to other potential applications, such as self-organized assemblages of quantum dots [2] , field emitters [3, 4] , and other magnetic, electronic, and optoelectronic devices [5] . When applied to MWCNT growth, the AAO template pores provide an ordered array of nanometre-scale domains for catalyst 1 Author to whom any correspondence should be addressed. electrodeposition, allowing the CVD operation to produce a regular array of MWCNTs of diameter usually equal to the diameter of the AAO pores. These MWCNT arrays are being studied for cold-cathode field emission [6, 7] , nanoscale transistors [8] , membranes for liquid [9] and gas [10] separation, electrochemical energy storage and production [11] , bio-sensors [12] , and stable, high surface area electrodes for wastewater treatment [13] . For applications such as field emission and nanoelectrodes, tuning of the diameter, length, and especially the site density of aligned MWCNT arrays is very important, considering the fieldscreening effect [6, 14, 15] . AAO-templated MWCNT growth allows some control over these parameters.
The objective of this study was to produce regular arrays of AAO-templated MWCNTs that grow at a reasonably high rate, are relatively straight, are nucleated in and emerge from the majority of the AAO pores, and have a minimum of material nucleated on the template surface. A review of the literature [16] [17] [18] [19] [20] [21] [22] [23] [24] , as summarized in table 1, suggests that these attributes may be difficult to achieve. For example, [19, 21, 22] show less than ∼25% of AAO pores with emerging MWCNTs. Lee et al [16, 18] were able to approach 100% pore emergence of MWCNTs, but a number of extra processing steps were required after catalyst electrodeposition. Our own work, reported on here, approaches 100% of AAO pores Electropolishing for 2 min, at 20 V DC. Rectifier current limit of 100 mA is reached from the onset. Therefore, voltage (----) cannot reach 20 V until current response (--) falls below 100 mA, due to the thin oxide film produced by anodic conditions. with emerging MWCNTs, but differs from Lee et al in that our process does not require any additional processing steps between catalyst electrodeposition and CVD growth of MWCNTs. In addition, we employ a sophisticated pulsed electrodeposition technique which provides the opportunity for continuing work to fine tune the catalyst properties to gain more control over the dimension, location, site density, and structure of aligned MWCNT arrays. While our work employed aluminium as an initial substrate, the techniques developed here are expected to apply to films of aluminium sputtered onto a substrate (such as a silicon wafer), allowing integration of aligned MWCNT arrays into electronic devices [15] .
Experiment description

AAO template preparation
To fabricate the AAO templates used in this work, a typical preparation process begins with 1.6 cm diameter discs punched from 1 mm thick, high purity (99.999%) aluminium sheet (ESPI metals). These are annealed at 500
• C under argon for 3 h to promote recrystallization and grain growth. A single annealed disc is washed with pure ethanol and placed into a sample holder consisting of a stainless steel body surrounded by Teflon (Princeton Applied Research/AMETEK # K0105). This holder design exposes 1 cm 2 area (one side) to the electrolyte. The sample (anode) is electropolished (figure 1) in a 1:3 mixture of perchloric acid and ethanol for 2-4 min at 20 V DC and 7
• C using a non-annealed aluminium counter-electrode. This operation affords some levelling to the aluminium surface as any metal peaks are the high current density areas and are quickly dissolved. The process also lifts off any remaining dirt and loose metal particles. An electropolishing time of 2-4 min was chosen as the period in which the current response is steady. Beyond this time, the current can rise abruptly, causing the sample to be etched [27] .
After electropolishing, the sample is rinsed with pure ethanol, and then with deionized water. The sample is then put through a two-step anodizing process [5, 28, 29] . The first step consists of a long anodizing time to allow the growing AAO layer to arrange into a more uniform hexagonal array of pores. The sample is anodized at 40 V, 4-20 h, 17
• C, in 0.3 M oxalic acid (figure 2), for an AAO thickness of 10-50 µm. After an initial abrupt drop in current to a minimum of about 1 mA cm −2 (barrier layer completed) [30, 31] , the current then begins to rise (pore formation). A steady-state current response of about 2.7 mA cm −2 is reached after about 8 min (even, anodic alumina growth).
Once completed, this initial anodized layer of Al 2 O 3 is chemically removed in a solution containing 1.8 wt% CrO 3 and 6 wt% H 3 PO 4 . This operation leaves the surface with a regular hexagonal array of scallop-shaped indentations corresponding to where the AAO pores had been [30] . These initial steps of anodizing and then stripping of the just-formed AAO allows the second anodization to form as a regular hexagonal array of parallel pores from the onset of the next anodization. Next, the sample is anodized for 8 min at 40 V, 17
• C, in 0.3 M oxalic acid (figure 2), for an AAO thickness of about 1.5 µm as a regular, hexagonal array, with parallel pores of ∼25 nm in diameter. The sample is then put through a chemical pore widening process in 0.3 M oxalic acid, 30
• C, for 3 h, to increase the diameter of the pores to ∼60 nm, while maintaining their number and centre-to-centre spacing. This treatment also thins the barrier layer (dense, electrically insulating Al 2 O 3 , located between the AAO pore bottoms and the metallic aluminium substrate). To assist electrodeposition, the barrier layer should be as thin and even as possible for a smaller voltage drop across it and a more even current density among the AAO pores. To achieve this, the barrier layer is first made more even by a novel 25 V anodizing approach (figure 3 from 0-240 s). This is followed directly by barrier layer thinning using a current ramping technique (figure 3, beginning at 240 s) that reliably causes a continuous voltage decrease. Both steps take place in the same electrolyte and conditions as the 40 V anodizing steps. An FE-SEM micrograph of an AAO template, before cobalt electrodeposition, is seen in figure 4.
Catalyst electrodeposition
With the AAO template prepared, we next deposit cobalt inside the AAO pores by pulsed electrodeposition using similar conditions as Nielsch et al [32] , for evenly filling AAO pores with nanowires. We use a cobalt bath of 300 g l −1 cobalt sulfate and 45 g l −1 boric acid, pH 4.5, 35
• C. For most samples, electrodeposition time was 10 min, with a forward duty cycle of 1.3% (considering cathodic, anodic, and rest components), and fills the AAO pores with about 0.5 µm of cobalt metal. We use a pulse-reverse DC rectifier and pulse plating software from TCD Teknologi, Denmark. Voltage and current are recorded using a PicoTech ADC-200 Virtual Instrument. An 8 ms cathodic pulse (current control) with a relatively high current density of −70 mA cm −2 was employed (figure 5). The voltage response was about −10 V. This current density was sufficient to deposit metallic cobalt at the AAO pore bottoms, while the short pulse time prevented metal ion depletion and hydrogen evolution. The cathodic pulse was followed by a 2 ms anodic pulse (voltage control) of +3 V. The anodic current response was simultaneously limited to +70 mA cm −2 to prevent damage to the AAO pore structure. The anodic pulse quickly stops electrodeposition, discharges the capacitance of the barrier layer, and allows for deplating of impurities. The anodic current response was small (about +55 mA cm −2 for less than 1 ms of the 2 ms anodic pulse, probably all from discharging the capacitance of the barrier layer-justified below), indicating that little (if any) cobalt was dissolving from the AAO surface, i.e., little (if any) cobalt had been there after the cathodic pulse. Finally, a 600 ms rest time (no rectifier output) allows the metal ion concentration at the electrodeposition sites to replenish. The voltage remained anodic into the rest stage and eventually dropped to near 0 V by the end of the rest period. This overall behaviour resulted in evenly filled AAO templates with nearly all of the cobalt inside the AAO pores. When large cobalt clusters were undesirably electrodeposited on the AAO template surface in our early work, the cathodic voltage response was lower in magnitude (less negative), indicating a more active substrate (partially metallized surface). In addition, the anodic current response would instantly reach its allowed maximum of +70 mA cm
and remain there for the entire 2 ms anodic pulse, indicating that cobalt was deplating from the AAO template surface. At the completion of the anodic pulse, the voltage would enter the rest period at or near 0 V. Eventually (some complete pulse cycles later), the voltage would be cathodic upon entering and exiting the rest period, further indicating a more active substrate due to cobalt on the AAO surface from overfilling of pores in which the cathodic current density was higher than average.
Multi-walled carbon nanotube growth
With a fully prepared AAO template, MWCNTs were grown in a First Nano Easytube TM CVD furnace system. The furnace was ramped up to 650
• C in 10 min, with an Ar flow of 200 sccm, and held there for another 5 min to assure an even temperature. The growth conditions were 650
• C, 20 sccm C 2 H 2 , 40 sccm H 2 , and 200 sccm Ar, for 1-10 min. Samples were cooled under Ar and removed for characterization. Templates with AAO thickness of only 1-2 µm, and chemically widened pores, were used to better allow the carbon feedstock gas to infiltrate the AAO pore channels and saturate the cobalt catalyst.
Results and discussion
AAO template preparation results
As in many other published accounts, the two-step aluminium anodizing method produced AAO templates with an ordered pore structure.
However, a key issue here is that electrodeposition of metal nanowires (catalyst) inside AAO pores, even by pulsed electrodeposition, is very sensitive to the barrier layer thickness and uniformity. Therefore, we found it necessary (and beneficial) to add a new step to the AAO template preparation process. Nielsch reports [32] that the barrier layer thickness at the conclusion of 40 V anodizing in 0.3 M oxalic acid, followed by the chemical pore widening step (described above), corresponds to an anodizing voltage of ∼25 V. We also found this to be the case. We were not satisfied with our pulsed electrodeposition results when proceeding directly from barrier layer thinning (described above) to electrodeposition. Too many AAO pores rapidly overfilled with cobalt, while other pores had significantly less filling. We attribute this to thickness fluctuations in the remaining barrier layer, resulting in current density differences among the AAO pores. To address this issue, we added a processing step, after pore widening, where the AAO template was anodized at 25 V for 4 min to allow the remaining barrier layer to increase slightly and become more uniform at the 'target' thickness associated with this voltage. This 'extra' step, followed by barrier layer thinning, was found to improve the subsequent pulsed electrodeposition process with respect to more even AAO pore filling.
Pulsed electrodeposition results
This pulsed direct current (DC) method was chosen over continuous DC electrodeposition, or the alternating current (AC) electrodeposition employed by others for AAOtemplated MWCNT growth [16] [17] [18] [19] [20] [21] [22] [23] [24] , as summarized in table 1, because electrodeposition into AAO pores is not straightforward, due to the vast number of high aspect ratio pores and the barrier layer mentioned earlier. Nielsch et al report [32] that high cathodic potentials are required for tunnelling of electrons through the remaining barrier layer, and that continuous DC electrodeposition is very unstable, and uniform filling of the AAO pores cannot be achieved. Metzger et al [33] report that conventional (nonpulsed) electrochemical deposition into AAO pores using AC sinusoidal waveforms yields unevenly filled AAO pores, as the current decreases with time, leading to arrested growth. They used pulsed AC electrodeposition to maintain a steady current response. While this approach resulted in more uniform pore filling, they report that hydrogen evolution and some damage to the AAO template occurred. The AAO template preparation described above, including the novel 25 V anodizing step to even the barrier layer, prior to barrier layer thinning, has helped the pulsed electrodeposition method to produce AAO templates with a majority of the pores active for MWCNT growth and few cobalt clusters on the AAO template surface. Energy dispersive x-ray (EDX) characterization indicates the deposits are metallic cobalt, rather than cobalt oxide as obtained by AC electrodeposition inside AAO pores, eliminating the need to reduce the electrodeposited material prior to MWCNT growth. To our knowledge, there are no reports in the literature of using pulsed electrodeposition for controlling the catalyst deposition for AAO-templated MWCNT growth.
Multi-walled carbon nanotube growth results
The overall goal of this effort was to improve the growth efficiency of AAO-templated MWCNT arrays-i.e., nanotubes uniformly emerging from all pores with a minimum of processing steps. Our initial attempts resulted instead in rapid and uncontrolled growth of MWCNTs that worked against the notion of using the template. With modifications to the template preparation process, controlled growth was possible.
Growth samples consisted of 1 cm 2 of growth area, and in initial experiments came out of the furnace with thick 'mats' of grown material on the prepared surface. We observed no clear correlation between growth time and either mat thickness or mass gain. A typical growth run (e.g. 8 min of CVD) yielded 7.7 mg of growth with a mat thickness of 1.4 mm. Some growths produced as little as 2 mg or as much as 10 mg of growth. This 'matted' growth is evident in region a of figure 7. The visible structure at this scale suggests that the 'mats' evident to the naked eye consist primarily of ball-like tufts of finer scale material with characteristic tuft size scales (tuft diameters) of ∼100 µm.
These initial experiments revealed that MWCNTs were not being nucleated exclusively in the template pores, leading us to examine the reasons for this. It was determined that Co particles on the AAO surface (rather than in the pores) were detaching from the surface of the template ( figure 6(a) ) and being carried upwards with the growth of the matted structure (via a tip-growth mechanism). The mats in figure 7 consist of Figure 7 . The mat was scraped using a knife tip (see visible scrape down middle of image). Prior to scraping, the central region (b) appeared identical to the side areas (a). Scraping served to remove the more loosely attached tufted material. However, the central 'flat' region (b) is actually nearly completely covered by 1 µm long nanotubes emerging from the template pores (1 min CVD growth sample depicted).
both individual MWCNTs and larger MWCNT ropes. When the mat material is mechanically scraped off the sample before imaging, a view of the structure closer to the template surface becomes possible. provide convenient views of the underlying template, although bare spots are generally undesirable.
To produce arrays of MWCNTs, it would be important to understand how mats form, so that their dominant growth could be avoided. It was found necessary to modify the template preparation process to eliminate the catalyst particles from forming on the surface, and thereby eliminate the tufted MWCNT and MWCNT rope growth. The additional step in the template preparation process (described earlier) worked to reduce the amount of Co on the surface ( figure 6(b) ) and was found to effectively eliminate the growth of the thick MWCNT mat, leaving only MWCNTs which emerged from the template pores. The growth product in figure 9 resulted from such a preparation process and shows template-grown MWCNTs emerging from pores. The MWCNTs were cut off just above the template surface using ultrasonication in acetone for 45 min to show that a relatively high fraction of the pores produced MWCNTs. Nanotubes grown using this method were relatively straight (compared to the MWCNTs in the matted structure). Figure 10 depicts an individual MWCNT emerging from a pore in the AAO template surface, along with an inset showing more such nanotubes. In these experiments, the MWCNTs commonly reached lengths of 10 µm (some exceeding 50 µm), with ∼75 nm diameters. Longer growth periods, leading to longer MWCNT lengths, may be possible using this process.
One measure of the 'quality' of the MWCNTs produced here is their degree of straightness. Comparison of these in figures 8 and 10 shows clear differences in the straightness of the nanotubes. The details of these differences are not yet understood, and may be related to the depth of the catalyst in the pore relative to the overall pore depth. The TEM image in figure 11 shows one side of an MWCNT where approximately 30-40 walls (typical) are resolved. In general, we observed the MWCNTs to be hollow, and they appear to be reasonably well graphitized, although a more quantitative structure characterization remains to be performed. The degree of graphitization may possibly be further improved (if necessary) through the use of an annealing process such as that described for carbon nanofibres described in [34] .
Conclusions
Anodic aluminium oxide (AAO) templates for MWCNT growth were produced by anodization of aluminium followed by pulse-reverse electrodeposition of cobalt inside the AAO pores. A novel 25 V anodizing step was developed to make the electrically insulating barrier layer more even. This gave AAO templates which responded to pulse plating with a more even current density among the vast number of high aspect ratio pores, resulting in more even nanowire growth. Pulsed electrodeposition produced an active metallic catalyst for MWCNT growth, eliminating the catalyst reduction step necessary when AC catalyst electrodeposition is employed. Early work using AAO templates produced prior to development of the 25 V anodizing step produced two distinct types of carbon growth on single templates: (1) fairly well graphitized MWCNTs emerging from some of the AAO pores, and (2) poorly graphitized MWCNTs and clustered carbon ropes growing on large cobalt clusters occurring on the AAO template surface. Whereas the AAO pore-nucleated variety was seen to grow at rates consistent with those reported in other studies, the surface-nucleated materials were disorganized (not controlled in an array) and grew at a much higher net rate, leading to their dominance over any AAO pore-nucleated MWCNTs. Later work used improved AAO templates where cobalt catalyst more evenly filled the AAO pores, leaving scarce cobalt on the AAO template surface. These later templates gave fairly well graphitized MWCNTs emerging from nearly all of the AAO pores, and little, if any, material nucleated by cobalt on the AAO template surface.
Pulsed electrodeposition provides the opportunity for continuing work to fine tune the catalyst properties for AAO templated MWCNT growth to gain more control over the dimension, location, site density, and structure of aligned MWCNT arrays. While our work employed aluminium as an initial substrate, the techniques developed here apply toward using an initial substrate consisting of a thin aluminium layer sputtered onto a substrate (such as a silicon wafer), allowing integration of aligned MWCNT arrays into electronic devices.
